The plasmid origin of replication, oriP, of Epstein-Barr Virus (EBV) was identified in an assay to detect autonomously replicating sequences (ARSs) in human cells. Raji ori, a second origin in EBV, functions in vivo but fails in long-term ARS assays. We examined the initiating element, DS, within oriP and Raji ori to resolve this paradox. DS, but not Raji ori, binds EBNA1; whereas both act as ARSs in short-term assays, with DS being more efficient, only DS can act as an ARS in long-term assays. Surprisingly, we found that DS supported the establishment of a plasmid with Raji ori in cis and that after deletion of DS, Raji ori could now act as an ARS in the long term. This finding explains the frequent failure of ARS assays in mammalian cells. More origins can initially act as ARSs than can be established. We identified one requirement for ARSs to be established: They must function efficiently enough initially to generate a wide distribution of numbers of plasmids per cell. Only the cells that have more than a threshold number of plasmids can survive selections imposed on the cells to retain these replicons.
T
he study of DNA replication in the budding yeast Saccharomyces cerevisiae has provided much of the foundation of our understanding of DNA replication in eukaryotic cells. In S. cerevisiae, assays for autonomously replicating sequences (ARS) were used to identify the origins of DNA synthesis after their introduction into plasmids having a functional centromere (CEN) (1) (2) (3) (4) (5) . Unlike ARSs in yeast, origins of DNA synthesis in mammalian cells are poorly understood. Parallel experiments in mammalian cells have not been the standard initially used to identify chromosomal origins of DNA synthesis. One difficulty in developing a mammalian ARS assay, for example, is imposed by the size of mammalian centromeres making their use difficult.
One mammalian origin of DNA synthesis that was identified in an ARS assay in human cells is the Dyad symmetry (DS) of Epstein-Barr virus (EBV) (6, 7) . DS is a discrete, licensed origin that functions in a variety of mammalian hosts in the presence of the viral trans-acting element EBNA1 (Epstein-Barr nuclear antigen 1) (8) . It requires the family of repeats (FR) from EBV in cis and EBNA1 in trans to provide its segregation mechanism to the replicon (9) (10) (11) . FR and EBNA1 thus functionally replace the requirement in yeast for a CEN element in ARS assays. A second origin of DNA synthesis has been identified in the EBV genome, which also functions extrachromosomally and is not discrete but does support licensed DNA synthesis (Fig. 1A ) (12) (13) (14) (15) . These latter properties make this origin, which we term ''Raji ori,'' similar to well studied mammalian chromosomal origins such as the DHFR (16) and ␤-globin (17, 18) . Raji ori was identified by two-dimensional gel electrophoresis and in an assay termed ''single molecule analysis of replicated DNA'' (SMARD) and was found both to be the predominant origin of DNA synthesis used in the EBV endogenous to the Raji cell line and to function in the EBV DNAs in multiple, additional cell lines (12) (13) (14) .
We have analyzed Raji ori in ARS assays comparing it with DS to understand the requirement for a dispersed, licensed origin to score in those assays. In all of our studies, the FR element was provided in cis to support the segregation to daughter cells of all origin-containing replicons analyzed. The studies showed that Raji ori initially functions as an ARS in two cell types expressing EBNA1 but failed to support extrachromosomal replication for extended times under selection. This observation appeared inconsistent with Raji ori's serving as the predominant origin of DNA synthesis within the EBV genome in Raji cells. We resolved this paradox by using DS in cis to establish plasmids containing Raji ori as stable, extrachromosomal replicons and tested whether, after deleting DS, Raji ori could act stably as an ARS. It could, indicating that Raji ori fails to be established but, once established, can act as an ARS to support an extrachromosomal replicon stably.
The process of establishment has been characterized as the early, rapid loss from proliferating cells of newly introduced, synthesized DNAs, followed after 10-20 generations by their relatively stable maintenance (19) . Maintenance is determined by the plasmids replicating stably and providing their host cells resistance to a selective agent. This process occurs successfully in Ϸ1-10% of transfected cell recipients and is mediated epigenetically (19) . We have identified one function of DS that is necessary for it to be established that Raji ori lacks. The initial efficiency of DNA synthesis of DS allows the evolution over 10-20 generations of a population of daughter cells with a wide distribution in numbers of plasmids per cell. Such a wide distribution is required to sustain cells' resistance to selection (11) . ARS assays thus require peculiarly efficient origins of DNA synthesis in mammalian cells.
Results
Raji Ori Acts as an ARS in Short-Term Assays. Raji ori has been shown to support extrachromosomal DNA replication in several different strains of EBV (12) (13) (14) . We tested a plasmid containing Raji ori with FR and a puromycin-resistance gene in short-term assays in Raji cells to determine whether it functions as an ARS element in mammalian cells. Raji ori supported extrachromosomal DNA synthesis 4 days after transfection, albeit inefficiently compared with DS (Fig. 1B) . Both of the two known origins of DNA synthesis of latent EBV other than Raji ori, DS, and Rep*, require EBNA1's binding to properly spaced EBNA1-binding sites to initiate licensed, DNA synthesis (20) (21) (22) . However, we found there are no detectable EBNA1-binding sites within Raji ori that bind sufficiently to support EBNA1-dependent initiation of DNA synthesis [supporting information (SI) Fig. S1 ]. DNA synthesis initiating within Raji ori is therefore likely to function in an EBNA1-independent manner. We wanted to test whether Raji ori is unique or whether any other 14-kbp DNA fragment from the EBV genome can act as an ARS as does Raji ori. A 14-kbp DNA sequence from EBV that spans BamHI M, S, and L fragments (Fig. 1 A) , which we term ''Raji middle'' has been shown to support the initiation of EBV DNA synthesis inefficiently by SMARD (13) . Raji middle in a plasmid with a FR-puromycin-backbone, however, did act as an ARS similarly to Raji ori in this short-term assay (Fig. 1B) .
Raji Ori and Raji Middle Do Not Act as ARSs in Long-Term Assays.
When Raji cells transfected with Raji ori and Raji middle plasmids were cultured under selection for 3 weeks, neither plasmid yielded drug-resistant colonies above the background characteristic of colonies arising with integrated DNAs (Fig. 1C) . Similar, negative results were observed in 293 cells expressing EBNA1 (Fig. S2) We constructed a FR puro-based vector, which has a DS cassette flanked by loxP sites to test whether, once established by DS, either Raji ori or Raji middle could act as ARSs stably ( Fig. 2A) . In the presence of the DS cassette, plasmids can be established in EBNA1-expressing cells. Upon introduction of Cre recombinase into the cells, the DS cassette can be deleted. If another DNA fragment added in cis could support continued extrachromosomal DNA synthesis once established, then after deletion of DS, the cells would proliferate and continue to be resistant to puromycin. After the deletion of the DS cassette, Raji cells harboring Raji ori plasmids gave rise to colonies approximately as efficiently as the positive control, a DS plasmid. On the other hand, cells harboring Raji middle plasmids gave rise to drug-resistant colonies only 8.3% as efficiently as the positive control plasmids (Fig. 2 A) . DNAs from the puromycin-resistant colonies were isolated and subjected to Southern blot analysis to confirm the extrachromosomal status and the successful excision of the DS cassette in these plasmids (Fig.  2B) . The harvested DNAs were also transformed into Escherichia coli to confirm their extrachromosomal status (Fig. S3) . Similar results were obtained when the experiment was carried out in BJAB cells expressing EBNA1 (Fig. 2C) . These results indicate that Raji ori and Raji middle, although able to support transient extrachromosomal DNA synthesis, require their establishment by another ARS to maintain efficient long-term replication.
Raji Ori's and Raji Middle's Functioning as ARSs After Establishment Are Similar to Their Efficiencies Supporting Initiation of DNA Synthesis
in Endogenous EBV. To test whether the different abilities of Raji ori and Raji middle plasmids to serve as ARSs stably after establishment reflect their different efficiencies in supporting DNA synthesis, clones of cells with Raji ori and Raji middle plasmids with the DS cassette deleted were isolated and expanded. The efficiencies of Raji ori and Raji middle to act as stable ARSs were then measured in two ways: (i) Cells were cultured in the absence of selection for increasing times and subsequently plated into selective media in 96-well plates to measure their colony-forming ability. In this experiment, only the efficiency with which the various origins support the initiation of DNA synthesis determines the rate of loss of plasmids from the cells (11) . The more efficient the origin is, the more slowly the cells lose the drug-resistant plasmid and the more efficiently colonies arise after selection is reapplied. (ii) The rate at Extrachromosomal DNAs were harvested 4 days after transfection, digested with a single-cut enzyme to linearize the DNA and DpnI to remove unreplicated DNA, and detected by Southern blot analysis. There were 100 replicated DS plasmids per transfected cell on average, whereas there were Ϸ10 Raji ori and Raji middle plasmids (denoted with a dot) per transfected cell 4 days after transfection (average of three measurements). (C) Raji ori and Raji middle plasmids fail in a long-term assay. Raji ori or Raji middle plasmids were transfected into Raji cells (n ϭ 5). The transfected cells were selected with puromycin for 3 weeks. The activity of the plasmid origins to support long-term replication was determined by the ability of the transfected cells to give rise to drug-resistant colonies. The efficiency of cells transfected with FR plasmids giving rise to drug-resistant colonies that result from integration was set to be 1. Cells transfected with either Raji ori or Raji middle plasmids did not give rise to colonies more efficiently than cells transfected with the FR plasmids.
which cells with the different plasmids proliferate was also measured with and without selection. Cells harboring plasmids that have a higher efficiency of initiating DNA synthesis would have an increased ability to maintain drug-resistance and double in a shorter time in the selective media.
In the first assay, Raji ori plasmids with and without the DS cassette were lost at the same apparent rate of 4.4% per generation (Fig. 3A) . Raji middle plasmids were lost from the cells at an apparent rate of 6.5 Ϯ 3.1% per generation after the DS cassette was removed, which was substantially more rapid than the rate of 2.4 Ϯ 2.2% per generation when the DS cassette was present (P value 0.04) (Fig. 3B) . This result was confirmed in the second assay that found that cells carrying Raji ori plasmids with and without the DS cassette doubled at the same rates (20 h). In the presence of selection, they both doubled more slowly but still at the same rates (26 h) (Fig. 3C ). In the absence of selection, cells harboring Raji middle plasmids either with or without the DS cassette had the same doubling time, 26.7 h. In the presence of selection, cells harboring Raji middle plasmids with DS cassette doubled at a rate of once per 28.8 Ϯ 2.2 h, which was faster than the cells harboring Raji middle plasmids after removal of the DS cassette, which doubled every 32.8 Ϯ 2.5 h (P value 0.04) (Fig. 3D) . The efficiency of Raji ori and Raji middle to function after establishment reflects their relative efficiency of functioning as initiation sites of DNA synthesis in vivo (13); i.e., Raji middle supports DNA synthesis less efficiently than does Raji ori.
Newly Introduced Plasmids Localize to the Nuclear Matrix. Our ARS assays indicated that DS, which supports the initiation of extrachromosomal DNA synthesis efficiently before establishment, permits establishment of Raji ori in cis, whereas Raji ori alone does not. We have analyzed DS and Raji ori during the phase when DS is established to identify properties it has that allow its establishment.
The origins of DNA synthesis of adenovirus and oriP have been shown to localize to the nuclear matrix (23) (24) (25) , an operationally defined compartment involved in many nuclear functions (25) (26) (27) (28) (29) (30) (31) . We tested the hypothesis that localization to the nuclear matrix is required for establishment. DNAs that copurified with the nuclear matrix were separated into two portions, treated with or without DpnI and detected by Southern blot analysis. Two different probes were used in this assay; one probe detected the oriP sequence, which could hybridize both to the transfected oriP plasmids and that of the endogenous Raji oriP sequence as well. The other probe detected EBNA1's ORF. The oriP region in Raji EBV is localized to the nuclear matrix, whereas EBNA1's ORF is not (25) . In each sample (days 4, 8, and 11), 80-90% of the endogenous oriP sequence copurified with the nuclear matrix, but Ͻ12% of the EBNA1 sequence was detected in the matrix fraction (Fig. S4) . Approximately 90% of the newly introduced replicated (DpnI-resistant) DNA copurified with the nuclear matrix 4 days after transfection and throughout the time course of the experiment (Fig. S4) . Approximately 80% of the newly introduced pPUR-and FR-only plasmids, which are not capable of supporting DNA synthesis, also localized to the nuclear matrix 4 days after introduction (Fig. S5) . These results indicate that plasmids associate with the nuclear matrix upon introduction into the cells independent of their ability to support DNA synthesis; however; the association is maintained for established plasmids. Thus, oriP molecules that will or will not be established home to the nuclear matrix, and this homing property is not peculiar to replicons destined to be established.
DS, but Not Raji Ori, Can Generate a Broad Distribution of Numbers of
Plasmids per Cell Shortly After Its Introduction. Our recent analysis of EBV plasmids in live cells found that Ϸ16% of these DNAs fail to be synthesized each S phase (11) . EBV compensates for this failure by providing its host cell a selective advantage and by errors in its partitioning that generate cells with a wide distribution of numbers of plasmids per cell. Only those cells with numbers of plasmids higher than some threshold can lose plasmids without losing the selective advantage the plasmids afford them (11) . We hypothesized that DS would generate this wide distribution, and Raji ori would not. To test this hypothesis, plasmids with Raji ori or DS, each with FR in cis were transfected into BJAB cells expressing EBNA1. Transfected cells were isolated 2 days after transfection and analyzed 8, 12, and 16 days after transfection by fluorescence in situ hybridization (FISH) to enumerate the plasmids in the transfected cells. Both Raji ori and DS plasmids were lost, as expected after transfection, and increasing numbers of cells without plasmids were detected in the populations throughout the time points. No cells harboring more than three Raji ori-plasmids were found 12 days after transfection. On the other hand, cells harboring more than five copies of DS plasmids were detected on day 8, and cells harboring Ͼ10 copies of DS plasmids were detected on days 12 and 16 (Fig.  4 ). These measurements demonstrate that the DS plasmids, which can be established, can generate a broad distribution of numbers of plasmids per cell in daughter cells, whereas Raji ori cannot.
Discussion
The study of mammalian origins of DNA synthesis has been difficult because these DNA elements are difficult to identify operationally and difficult to dissect genetically. ARS assays might provide alternative, powerful tools to analyze the origins of DNA synthesis; however, they have not been usually successful in the study of origins in mammalian cells. We have identified one reason underlying their failure and developed a means to overcome it, thus allowing the facile genetic dissection of additional origins of DNA synthesis. EBV genomes that are licensed, plasmid replicons in human cells have two characterized efficient origins of DNA synthesis. DS binds EBNA1 to recruit ORC and supports the initiation of DNA synthesis locally. Raji ori spans Ͼ10 kbp in length, cannot bind EBNA1 (Fig. S1 and Table S1 ), and supports the initiation of DNA synthesis at multiple sites (13) . These characteristics make Raji ori akin to the zones of initiation of DNA synthesis in mammalian chromosomes such as DHFR and ␤-globin (16) (17) (18) 32) .
Raji ori functions as the zone of initiation for DNA synthesis in several strains of EBV, whereas Raji middle rarely serves as the initiation site of DNA synthesis in vivo (13) . We have found that both Raji ori and Raji middle act as ARSs transiently (Fig. 1) . More surprisingly, plasmids with Raji ori do not survive in an ARS assay to maintain DNA extrachromosomally (Fig. 1) . The failure of Raji ori to support long-term extrachromosomal DNA synthesis is striking. This same DNA element serves as the predominant zone of initiation of DNA synthesis within EBV DNA in Raji cells (13) . Why does it (and Raji middle) eventually fail in an ARS assay?
One obstacle that a DNA element must surmount to succeed in a long-term mammalian ARS assay is to become established. Even highly-efficient origins of DNA synthesis such as DS usually fail individually to be established, that is to survive in the long-term to yield progeny that continue successfully as extrachromosomal replicons under selection. Between 90% and 99% of the newly introduced plasmids containing oriP support DNA synthesis initially but fail to be established (19) . We have found that between 99.99% and 99.999% of newly introduced plasmids containing Raji ori fail to become established, which is the background signal of our assay (Fig. 1) . However, when DS is provided in cis to plasmids with Raji ori to support their establishment, and DS is subsequently removed by Cre-mediated recombination, Raji ori does support long-term extrachromosomal replication efficiently under selection (Fig. 2) .
These findings indicate that successful establishment is essential for a DNA element to score in a long-term, mammalian ARS assay. They also demonstrate that some DNA elements can support longterm extrachromosomal replication but not establishment, whereas others can do both. What, then, occurs during establishment?
Much data indicate that homing of DNA templates to the operationally defined nuclear matrix correlates with their supporting DNA synthesis (33) (34) (35) (36) . Consistent with this data, newly introduced plasmids containing oriP homed rapidly to the nuclear matrix (Fig. S4) . In these same cells, an endogenous oriP element purified with the nuclear matrix, whereas the EBNA1 ORF, an element not associated with the initiation of DNA synthesis, did not. These data document the robustness of our successful fractionation of the nuclear matrix. Surprisingly, fractions that contained the nuclear matrix also contained all newly introduced DNAs whether or not they had supported DNA synthesis and whether or not they contained oriP. Thus, newly introduced DNAs may need to home to the nuclear matrix to support DNA synthesis but homing to this operationally defined compartment does not ensure an origin's continued function.
A newly appreciated property of established oriP plasmids in mammalian cells is that each analyzed to date in clonal cell populations is present in a wide distribution of numbers per cell (11) . This wide distribution reflects three features of these replicons: (i) None supports DNA synthesis in 100% of all S phases; (ii) all depend on the FR element and EBNA1 to mediate their partitioning that is imperfect; and (iii) all can be maintained only Approximately 500 transfected cells were analyzed by fluorescence in situ hybridization to detect the introduced plasmids 8, 12, and 16 days after transfection. Both the DS and Raji ori plasmids were lost throughout the time points, so more cells harboring zero plasmids were detected over time. By day 12, no cells transfected with Raji ori had more than three plasmids, whereas DS plasmids generated a broader distribution, with 10% of the cells harboring more than three plasmids by day 12.
as extrachromosomal replicons by selection. For these replicons, failures in DNA synthesis lead to loss of plasmids, but for those individual cells in a population with more than some threshold number of plasmids, loss of one plasmid does not lead to the cells being lost by selection (11) . We determined that DNAs with oriP newly introduced into cells are synthesized sufficiently for their progeny to yield a wide distribution in numbers per cell within 16 days of their introduction. Plasmids with Raji ori lack this property crucial for establishment. This property of oriP depends on the efficiency of its rate of initiation of DNA synthesis and not on the fidelity of its partitioning. We simulated the distribution of plasmids in cells that would arise when the rates of DNA synthesis are varied between the values for oriP measured to be 84% per plasmid per S phase (11) down to 54% or when their faithful partitioning is varied between the values for oriP measured to be 88% for its duplicated DNAs (11) down to 50%. Only reducing the rate of DNA synthesis markedly reduced the range of numbers of plasmids per cell found by day 16, and this reduced rate appears to occur primarily for oriP by day 8 (Fig. S6) . One reason that plasmids with Raji ori fail to be established is that their initial rates of DNA synthesis are too low to allow them to generate a sufficiently wide distribution in their numbers per cell to survive selection.
This insight explains the failure of Raji ori to be established and raises the question: ''Given that Raji ori supports the initiation of DNA synthesis in recently transfected cells too inefficiently to be established, how can it act as an ARS to maintain extrachromosomal synthesis once established?'' One observation that addresses this question comes from measuring the rate of accumulation of plasmids in cells that both have established and newly introduced plasmids. Established oriP plasmids are lost from cells at rates of Ϸ8% per generation, whereas the newly introduced plasmids are lost at twice that rate (Fig. S7) . Failures in partitioning do not affect the accumulation of plasmids in the total population of cells but only their distribution within its members (11) . Thus, newly introduced oriP plasmids have lower rates of DNA synthesis relative to that of their established kin. These findings lead us to hypothesize that Raji ori, once it is established, also supports DNA synthesis at an increased rate relative to its rate upon first being introduced into cells. This hypothesis is supported by our finding that plasmids with Raji ori plus or minus DS, once established, are lost from cells in the absence of selection at similar rates (Fig. 3) .
Our finding that DS allows the establishment of origins that alone cannot be established means that the latter origins can now be dissected genetically as extrachromosomal replicons. Two additional implications of these findings have broad significance. First, other viruses that are maintained extrachromosomally as licensed replicons such as Kaposi's sarcoma-associated herpes virus must encode the means to become established as does EBV. Second, DS and probably Raji ori increase the efficiency with which they function as origins upon becoming established. This increase must be epigenetic and indicates also that the efficiency of chromosomal origins is likely to be quantitatively regulated epigenetically.
Materials and Methods
Plasmids and cell lines are described in SI Text. The replication of newly introduced DNAs was assayed after their extraction 4 days after their introduction by isolating them by using alkaline lysis and measuring those that had undergone at least two rounds of DNA synthesis by extensive digestion with DpnI endonuclease and subsequent detection by Southern blot analysis. These procedures are detailed in SI Text.
The efficiency of long-term replication of plasmids was measured by their ability to support colonies of cells resistant to the markers encoded by the plasmids after 3 weeks of selection as described in Wang et al. (22) and described in SI Text. The replication of plasmids after deletion of DS cassette flanked by lox sites by expression of Cre was assayed by measuring the ability of cells to form colonies resistant to puromycin as described in the SI Text.
The preparation of nuclear matrices was modified following published methods by using lithium 3Ј, 5Ј-diiodosalycilate (26, 28) and is detailed in SI Text.
The distribution of plasmids containing DS or Raji ori newly introduced into Raji cells was measured over time with FISH and is detailed in the SI Text.
